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Abstract

Gallium Nitride (GaN) technology is the next revolution in electronics as it offers a large
bandgap (high critical electric field) and high electron mobility (2D electron gas) in one
transistor design, surpassing silicon (Si1), gallium arsenide (GaAs), and indium phosphide (InP)
based technologies. High efficiency and high voltage operation of GaN high electron mobility
transistors (HEMTs) provide significant performance and size advantages over the
aforementioned devices. GaN HEMTs are normally-on devices, meaning that the devices do not
shut down even though no gate voltage is applied, due to the 2D electron gas channel. In
applications where safety and efficiency are in the forefront, normally-off devices are preferred.
A simple way to obtain a normally-off GaN HEMT is to apply a negative gate voltage. A
challenge of normally-off GaN HEMT is that the devices usually fail before the critical electric
field is reached. Breakdown is caused by gate-leakage impact-ionization, drain-to-source punch-
through and vertical current leakage. Increasing the breakdown voltage would eliminate the
damage in high voltage, high current applications and would extend the lifetime and operating
bias conditions. The goal of this research is to design and simulate GaN-based power transistors
in order to understand their different characteristics, such as voltage-current relations, using
TCAD Sentaurus software. GaN HEMTs with different design strategies (i.e. doping
concentration, layer thicknesses, layer contents) are simulated in order to understand their impact
on off-state breakdown voltages. Based on the simulation results, different strategies to improve

the off-state breakdown voltage are proposed.

Subject Keywords: Gallium nitride; High Electron Mobility Transistors (HEMTs); Breakdown

voltage; TCAD Sentaurus.
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1 Introduction

One can consider the transistor as being the most important invention of the 20" century. The
transistor, a solid state electronic device with three or more terminals connected to electric
circuits, is the building block of all modern electronic devices. Before the first transistor was
invented in 1947 at Bell Laboratories by John Bardeen and Walter Brattain, vacuum-tubes,
invented in 1907, were used for radio technology amplification and long-distance telephony [12].
However, the vacuum-tubes had a very fragile aspect and consumed a lot of power. After the
first transistor was invented, the transistor technology developed and made its appearance on the
market very quickly. The first transistor was 10 cm long, but today 820 million transistors can be
found on a 45 nm Penryn chip from Intel. Moreover, today, the number of transistors is higher

than the number of grains of sand on Earth.

Since 1960, silicon has been the most commonly used semiconductor for transistor
fabrication, due to its abundance on Earth. In 1965, Gordon Moore, co-founder of Intel
Corporation, introduced “Moore’s Law” which stated that the number of transistors on chip will
double every two years. After fifty years, scientists believe that Moore’s law might have come to
a natural end. The smallest transistor today was invented in 2012 and is a single-atom transistor.
Nowadays, researchers concentrate their work more on how to reduce the number of transistors
used in a circuit instead of reducing the size of the transistor. Therefore, gallium nitride (GaN), a

wide bandgap semiconductor, has become competitive against silicon in transistor fabrication.

We are essentially interested in GaN-based High Electron Mobility Transistors (HEMTs)

used in power applications. GaN based HEMTs have five essential qualities which surpass



silicon (S1) based transistors [2]. First, GaN-based transistors have a lower on-resistance, which
means lower conduction losses in the circuit. Secondly, we can have faster devices using GaN
and so experience less switching losses when we use HEMTs in heart switching applications
such as buck converters. Thirdly, the lower capacitance of GaN devices decreases the loss in
charging and discharging the device. Also less power is required from the driver circuit.
Moreover, the use of GaN lets us fabricate smaller devices which cover less space on the printed

circuit board [2].



2 Literature Review

2.1 Physics and Technology of HEMT's

As we have introduced the notion of HEMTs, we should define the physics and

functioning of the latter as well.

First of all, HEMTs, also called heterostructure FETs (HFETs) or modulation-doped
FETs (MODFETs), are field-effect transistors (FETs). A FET has three terminals: source, drain
and gate. While a FET is in its functioning state, a current flows between the source and the
drain, through a channel. A voltage applied to the gate, which influences the channel
conductivity, can control this current. The contact between the semiconductor and the gate
should be non-ohmic. As a result, the contact will not have a linear current-voltage (I-V) curve.
FETs are known as unipolar transistors due to the fact that the channel conductivity depends only
on one type of carrier, which is the majority charge carriers. FETs are characterized by a large
input impedance, a good linearity and a negative temperature coefficient, permitting a
homogeneous temperature distribution. There are different types of FETs; these are distinguished
by the structure of their gate diode. In this research, we will specifically analyze the MISFETs

(Metal-Insulator-Semiconductor FET). The MISFETs have a metal-insulator-semiconductor gate

diode (Figure 1). Vo v,
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Figure 1. Scheme of a MOSFET with channel length L and oxide thickness d. The dark grey

areas are ohmic metal contacts [8].



If the insulator of a MISFET is an oxide, the device is called a MOSFET (Metal-Oxide-
Semiconductor FET). The semiconductor of a MOSFET is constituted of n-type and p-type
regions. The regions underneath the source and the drain are heavily doped by conducting
electrons, creating n-type regions, and the rest of the semiconductor is heavily doped by electron
holes creating p-type regions. Even though there are conducting electrons in the n-type regions,
they cannot flow between the source and drain due to the holes present in the p-type gate
between the two n-type regions (Figure 2). However, if a positive voltage is applied to the gate
(for a p-channel), we observe the formation of an inversion layer close to the insulator-
semiconductor interface. This layer creates an n-conductive channel, and enables the electron
flow between the two oppositely doped pn-diodes. This process is called the “field-effect” and

turns the transistor on (Figure 3), which enables the transmission of a high current.

FETs can be n-type or p-type, depending on the conductivity type of the channel. An n-
channel is usually preferred for high-frequency applications, due to the higher mobility or drift
velocity. When we have an n-channel conductive at Vg = 0V, we call it an ‘n-type, normally on’
(or depletion) FET. If the channel is p-conductive, the FET is called ‘p-type’. A FET that has a

nonconductive channel at Vg = 0 is called ‘normally off” (or accumulation) FET.
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Figure 2. MOSFET in mode Off [7].
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Figure 3. MOSFET in mode On[7].



Moreover, a HEMT is a FET, for which the channel is generated by the heterojunction of
two materials instead of a doped region. The heterojunction is obtained between two materials
having a different band gap. Generally, GaAs and AlIGaAs material combinations are used in
HEMTs, but many different combinations can be found in various application domains of
HEMTs. Devices having more indium are usually characterized by a better high-frequency
performance. However, during the past few years, GaN HEMTs have attracted attention with
their high-power performance. HEMT is a type of transistor used in high-frequency products like
cell phones, voltage converters, radar equipment and satellite television receivers, mainly

because of the operability of HEMTS at higher frequencies than ordinary transistors.

2.2 Advantages of GaN-Based Transistors
We can find in Table 1 the advantages of GaN devices and amplifiers versus other
competitive materials. We notice that in each category, GaN surpasses the conventional
technology. In the last column, the performance advantages of GaN devices are highlighted. We

can see that the latter offers the most significant product benefits.

We will take a close look into the performance advantages of GaN devices offered for
every need cited in the first column. The high power per unit width enables us to fabricate
smaller devices with very high impedances. Thereby, the system match is more easily obtained,
which is usually more complex to put in place with conventional devices in gallium arsenide

(GaAs).



Table 1. Competitive Advantages of GaN Devices [18]

Need Enabling Feature Performance Advantage
High Power/Unit Width Wide Bandgap, High Field Compact, Ease of Matching
High Voltage Operation High Breakdown Field Eliminate/Reduce Step Down
High Linearity HEMT Topology Optimum Band Alocation
High Frequency High Electron Velocity Bandwidth, p-Wave/mm-Wave
High Efficiency High Operating Voltage Power Saving, Reduced Cooling
Low Noise High Gain, High Velocity High dynamic range receivers
High Temperature Wide Bandgap Rugged, Reliable, Reduces
Operation Cooling
Thermal Management SiC Substrate High Power Devices with

Reduced Cooling Needs

Technology Direct Bandgap; Driving Force for Technology;
Leverage Enabler for Lighting Low Cost

The high voltage characteristic of GaN devices eliminates or reduces the need for voltage

conversion. Commercial systems operate at 28 V, and a low-voltage technology would need a

voltage conversion from 28 V to the required voltage. Nonetheless, GaN devices can operate at

28 V or more, up to 42 V. As an advantage of this high operating voltage, we get a higher

efficiency, which decreases power needs and makes cooling simpler. Since cost and weight of

cooling systems constitute a large portion of the price of a high-power microwave transmitter,

higher efficiency is an important advantage of GaN devices.

Throughout these past six years, GaN-based HEMTs showed that they have one-order

higher power density and efficiency compared to existing technologies [18]. Therefore, GaN-

based devices can be ten-times smaller, compared to conventional devices, for the same output

power. In figure 4 we see an illustration of how a complex module can be replaced by a smaller

module using GaN. The advantages cited in figure 4 are due to the wide bandgap of GaN and the

availability of the AIGaN/GaN heterostructure where high voltage, high current, and low on-

resistance can be simultaneously achieved.
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Figure 4. Schematic comparison illustrating advantages of GaN over existing technology [18].

Furthermore, GaN is naturally piezoelectric, meaning that when a crystal is strained it
will produce a small voltage. If we add a very thin layer of AlGaN to the surface of GaN, we can
create a lot of strain over very small distance. The latter creates an electric field and better tracks
electrons to the interface, creating a 2D electron Gas or 2DEG. The 2DEG is a gas of electrons
free to move in two dimensions, but tightly confined in the third. This conductive 2DEG can be
used to conduct large amounts of current. It can also be turned off by applying a voltage that
tracks away or depletes the electrons. This kind of device is called a depletion mode, or
Normally On device. We can see a simple structure of a basic GaN HEMT transistor in figure 5.
This structure lets us create a high voltage, high power device. Source, gate and drain terminals

are added to conduct electrons, supplied by the 2DEG. The gate terminal can be used to turn the

2DEG on or off. Gate

Figure 5. Basic HEMT GaN transistor [11].



In short, GaN devices have great performance and size advantages compared to silicon.
These advantages can be applied to gain efficiency advantages, size advantages, or a

combination of both, without having a difference in application requirements with silicon [4].

2.3 Bottlenecks of GaN HEMT Technology

While GaN HEMT transistors present many advantages, there are several bottlenecks,
which will be discussed in this section. There are three main categories that affect lifetime and
accelerate the degradation of GaN HEMTs: contact degradation, hot electron effect and inverse

piezoelectric effect [3].

Below 300 °C, Schottky' and ohmic contacts have great stability. Unfortunately, with an
increasing temperature we may observe an increase in contact resistance and passivation
cracking caused by gallium (Ga) out-diffusion and gold (Au) inter-diffusion after a 100h thermal
storage test stress [15]. If we have Schottky contacts based on nickel, the formation of nickel
nitrides on GaN can be seen at temperatures such as 200 °C. The latter causes a decrease in
Schottky barrier height [15]. As AlGaN/GaN HEMT transistors are used in power applications,
adequate management of temperature is an important issue which influences the device
performance when subjected to high voltage, high current operations. If the cooling mechanisms
are not efficient, the self-heating of the device can cause contact degradation and consequently

decrease the device performance highly.

" A Schottky contact is a “metal-semiconductor contact having a large barrier height and low doping concentration
that is less than the density of states in the conduction band or valence band” [17].



When AlGaN/GaN HEMT transistors are tested under high voltage, high current
operation, we observe a current collapse and gate lag due to hot electrons. Hot electrons are
electrons with a very high kinetic energy gained from their acceleration in an important electric
field. These electrons are a source of trap formation in the AlGaN layer and the buffer [15]. As a
consequence of this trap generation, a larger depletion region is formed between the gate and
drain terminals. This increases the drain resistance and decreases the saturated drain-source
current. On the other hand, when the GaN HEMT is under “off-state” conditions, there are fewer
electrons in the channel resulting in a very small increase in trap generation, which reduces the

degradation.

The piezoelectric nature of the GaN mentioned above has a lot of advantages, but besides
all of these, there is also a disadvantage, which we will discuss further on. The electric field
created by the strained AlGaN adds more tensile stress to the AlGaN layer, which can cause
irreversible damage to the device when a “critical voltage” is reached. The elastic energy found
in AlGaN/GaN layers surpasses a critical value when electric stress is applied to the device.

Electron leakage may occur because of the damage [15].

A representation of the cited failure mechanisms in AIGaN/GaN HEMTs under electrical

stressing conditions at typical operating temperatures can be found in figure 6.
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Figure 6. Schematic of degradation mechanisms in AlIGaN/GaN HEMTs [3].
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2.4 Solutions for Bottlenecks of GaN HEMT Technology

One of the solutions proposed to reduce the inverse piezoelectric effect and to increase the
off-state breakdown voltage of AlIGaN/GaN HEMTs is to use a source field plate, which can also
be seen as an addition of a novel electrode. The fabrication of a source field plate over the gate
electrode decreases the maximum electric field between the drain and the gate. The latter is the

reason for the increase in off-state breakdown voltage.

The type of gate metal used in HEMTs plays an important role in device reliability.
HEMTs with Ni/Au gate metallization wafer have a much lower critical voltage compared to
Pt/Ti/Au gate metallization. We can say that Pt based gate metallization has a better performance
in the operating bias conditions and improves device reliability. Bias stressing does not much
affect Schottky barrier height and ideality of Pt/Ti/Au compared to Ni/Au gate metallization,
which presents higher gate reverse bias leakage current, and much lower breakdown voltage [3].
We can conclude that Pt has better stability, but there is still a problem that persists: peel-off of

the contact metal due to stress in the metal.

The substrate choice for AlGaN/GaN HEMTs is an important concept that affects the off-
state degradation of GaN devices. The degradation in GaN devices grown on SiC substrate is
believed to be related to the generation of percolation paths due to defects in the AlGaN barrier
or threading dislocations in the device epilayers [9]. A new possible substrate choice competitive
with SiC and Si is bulk-GaN substrate. One of the advantages of having a bulk-GaN substrate
compared to Si and SiC is the fact that the nucleation layer is not necessary for device growth.
Another advantage is that bulk-GaN substrate has a high thermal conductivity. The latter makes

GaN-on-GaN devices thermally competitive to GaN-on-SiC one. Moreover, using a bulk-GaN

10



substrate lets us have several orders of magnitude lower dislocation densities than GaN-on-SiC,
and therefore eliminates one of the possible causes of device degradation [9]. GaN-on-GaN
devices are ideally suited for device degradation analysis because they are less influenced by
threading dislocations. A study of GaN-on-GaN devices showed that the surface microstructure
plays an important role on off-state degradation [9]. GaN-on-GaN HEMTs can be used to
minimize the impact of step edges causing device failure and to optimize epilayers in order to

obtain highly reliable GaN electronic devices.

11



3 Description of Research Results

3.1 Research Goals Overview

This research primarily consists of simulating AIGaN/GaN based power transistors in
order to understand their different characteristics, such as voltage-current relations, using TCAD
Sentaurus software. It will also investigate the change in the breakdown voltage with different
design strategies of AlGaN/GaN HEMTs. Increasing the breakdown voltage would eliminate the
damage due to the latter in high voltage, high current applications and to extend the lifetime and

operating bias conditions.

TCAD Sentaurus device simulator developed by Synopsys is a widely used commercial
device simulation tool. Sentaurus is based on TAURUS MEDICI, which is derived from a
software developed by Stanford University, PISCES, and from device simulator DESSIS by ISE.
TCAD Sentaurus has been an essential tool for studying theoretical aspects of GaN based
HEMTs, such as breakdown characteristics depending on surface defect charges, hot electron

effects, and self-heating and current collapse effects.

The main reason in choosing TCAD Sentaurus software for my simulations is the fact
that Sentaurus is widely used in GaN HEMT theoretical studies and is one of the most developed
and professional softwares in this domain. Another reason in choosing this software is the

opportunity to use this expensive software free on Engineering Work Stations at UTUC.

12



3.2 Work and Contributions

3.2.1 Simulation of a P-N Junction

A

anode cathade

P (N,=10"em™) 1um N (Ng=10" ecm™)

Y
- e -

3 um 5 um

Figure 7. Dimensions and doping of the p-n junction diode used during the simulations.

To start with, a basic p-n junction is simulated using the TCAD Sentaurus platform. The
main reason being to increase general knowledge on the tool by being able to compare the

characteristics obtained during the simulation against the well know theoretical ones.

A silicon p-n junction doped with boron on the p-side and doped with arsenic on the n-side, each
with a concentration of 10'® cm™, is used throughout the simulations. The diode has a total length
of 10 um, a height of 1 um and a depth of 1 um (cf. Figure 7). A 2D simulation is enough for

analyzing the characteristics of the diode.

The first simulation setup that is studied is the meshing strategy.. The correct choice of
meshing reduces possible errors during simulations. The strategy used on the p-n junction is to
define two different meshing types: a fine mesh near the junction and a coarse mesh for the rest
of the device. Only the mesh size in the x-direction is adjusted, as the device is uniform in the y-
direction. Near the depletion region, the mesh spacing in the x-direction has to be smaller than
the depletion width in order to reduce simulation errors. Depletion width is calculated using

equation (3.1).

NaxNg)(1, 1
Zs*kT*ln< " >(Na+Nd)

(3.1)

q2
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In equation (3.1), € is the multiplication of the permittivity of free space € and the material used
in junction fabrication €. As the simulations are made using a silicon-based p-n junction we have
g, =11.8 and g9 = 8.85418782x10"'? F/m. Temperature T is assumed to be equal to room
temperature (300 K). The Boltzmann constant k is equal to 1.3806488x10% J/K. The intrinsic
carrier concentration n; of silicon at room temperature is 1.45x10'® cm™. Charge of an electron q
is defined as 1.60217662x10" C.

By doing a numerical application, the depletion width W of the p-n junction is found to
be 0.049um. Therefore, a mesh size of 0.01 um in the x-direction is enough for our simulations.
We can see in figure 8 that the meshing near the junction is much denser then the meshing
present on the rest of the device. The coordinate system is set to have the junction located at x=0.

Next, the band-diagrams, built-in electric fields and built-in potentials of the junction in
equilibrium, forward bias and reverse bias conditions are studied.

When the junction is in equilibrium, no potential is applied to its terminals. The Fermi level is
constant. The band diagram of the junction at equilibrium can be seen in figure 9.

The Fermi level for electrons Eg, is the same as the Fermi level for the holes Ep;, for the

junction in thermal equilibrium, which is in accordance with our theoretical knowledge.
2] Faar D-OD;i:rilg:}::cirE;:on"dlon ema-3)

0.000e+00
-6.299e+13

-7.937e+15

.-\.uao-»ls

Figure 8. P-N junction simulated with TCAD showing the meshing and doping concentrations.
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Conduction Band E.
Valence band E,
Fermi Level E;

Figure 9. Band diagram of the p-n junction at equilibrium

The valence band E, is closer to the Fermi level for negative values of x, which shows

that the junction is p-type doped in that region. In contrast, the conduction band E, is closer to

the Fermi level for positive x values, which shows that the junction is n-type doped in that

region. As the Fermi level should remain constant throughout the junction, there is a distortion of

valence and conduction bands.

Next, the built-in electric field in the depletion region is analyzed. The electric field

within the depletion region is characterized by equation (3.2). Outside the depletion region as we

have neutral p and n regions, the electric field is zero.

Ex)=

—

—

q*Ng
&

(x—xno) 0<x<ZXpo

-~ (3.2)

. -Xp0<X<0

(x+ xpo)

TCAD Sentaurus takes the absolute value of the electric field for its plots. That is the

reason why we have positive electric field displayed on our plots, as can be seen in figure 10. We

can observe that the electric field is more or less symmetrical with respect to y-axis. The latter is

due to the fact that the n and p sides are equally doped.

15



Figure 10. Electric field within the depletion region for the simulated p-n junction in equilibrium

We observe from our simulations that the maximal electric field E is more or less equal
to 3x10° V/cm. We should compare this value with the theoretical E, calculated using equations
(3.3) and (3.4). By doing a numerical analysis, we get for maximum electric field:

|Eoltheory = 3.753x10° V/em

With TCAD, we have an error of 20% for E,, which we cannot consider as a good

approximation.
9% Ng | 9*N,
[Eol = | - (Zxno)| = |‘ — (%,) (3.3)
W i W
0 = TN /N, TR0 T TN, /N, (3.4)

The built-in potential in the depletion region can be found using equation (3.5). TCAD

gave us the plot for the built-in potential seen in figure 11.

N 2
—q*—d(x——x * X) 0<x <Xno
£ 2 no 35
V(x) = (3.5)
*Ng x?
q—sa(T-i-xpO*x) “Xpo <x <0
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Figure 11. Built-in potential of the p-n junction within the depletion region in equilibrium

The total potential over the junction Vj is the difference between V (-x,0) and V (Xn0). From the

plot we obtained using TCAD we can deduce that:

Vo=09V
Theoretically, we have:
Ngxn,2  qNgxy? (3.6)
Vo=8mo L ~ %P0 _ 919y
2¢ 2¢

Theoretical V, that we calculated is similar to the V( we obtained from TCAD plot.

After the equilibrium analysis of the p-n junction, a closer look is given to the change
in characteristic of the junction in reverse-bias conditions..

When a junction is reverse-biased, it is subjected to a negative voltage across its
terminals. The depletion width gets larger as the reverse-bias voltage gets higher. The increase in
depletion width causes an increase in built-in electric field and in built-in potential.

The Fermi level is no longer constant. We have to consider the quasi-Fermi levels in

p-side and n-side of the junction.

17



The simulation using TCAD gave the plot of band diagram seen in figure 12. The
continuation method is used to simulate the reverse-bias voltage of -10 V applied at the terminals

of the junction. Plot obtained in figure 12 is in accordance with the theory.

The built-in electric field and built-in potential graphics acquired from our simulations
with a reverse-bias voltage applied at the terminals of the junction can be found in figures 13 and
14. The first observation we can make is that the maximum electric field and the total potential
over the junction have increased compared to the equilibrium state. Now we have:

|Eo| = 9x10° V/em
Vo=7.1V

This increase is expected theoretically.

Band Diagram

Figure 12. Variation of quasi-Fermi levels in a reverse-biased p-n junction simulated with
TCAD.

18
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ElectricField(C1(res1_des)) I

Figure 13. Built-in electric field of the p-n

Junction in reverse-bias.

ElectrostaticPotential

ElectrostaticPotential (C1(resl_des))

Figure 14. Built-in potential of the
p-n junction in reverse-bias.

Finally, the p-n junction junction is simulated in forward bias. The method used in TCAD

is the “QuasiStationary” function, which is used to increase the potential on the anode from 0 to

0.65 V. By doing so we expect to have a decrease in the width of the depletion region, causing a

decrease in electric field and in built-in potential. The simulated band diagram of the forward

biased junction can be found in figure 15. Plot obtained in figure 15 is in accordance with the

theory.

-0.5

Band Diagram

Ec
Ev
fffffffff Efn
Efp

X

Figure 15. Band diagram of p-n junction simulated in forward bias conditions.
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ElectricField

The built-in electric field and built-in potential graphics acquired from our simulations

with a reverse-bias voltage applied at the terminals of the junction can be found in figures 16 and

17. As expected, the maximum electric field and the total potential over the junction has

decreased compared to the equilibrium state. Now we have:

Electric Field

IEo| = 1.25x10° V/em

Vo=03V

Electric Field

100000 —

50000

04—

ElectricField

=]
w
L e e e

02—

Figure 16. Built-in electric field of the p-n

Junction in forward bias.
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Figure 17. Built-in potential of the

p-n junction in forward bias.



3.2.2 Simulation of GaN-Based Heterojunction FET (HFET)
Nominal Structure
i Lsg | lg Lod
i 10pm : 08pm | 3.0 um
PSR
GaN, N,=5x10""cm=
AlGaN, N, =2 x 10" cm*

e

AlGaN Spacer, N, = 10" cm™

GaN, N, =10"cm-=

Nucleation

Figure 18. Model Structure used in simulations: doping and dimensions are indicated.

In this section the simulation of the GaN HFET provided by TCAD Sentaurus software is

covered. The structure of the GaN HFET can be seen in Figure 18 [14].

The simulation of ohmic contacts is made by applying a high doping around the source

and drain terminals, although the latter is not physically correct.

It can be seen in Figure 19 that the meshing is denser at heterointerfaces, where the

carrier concentration has a large variation within a short distance, like in the 2DEG.

DopingConfentration (cm*-3)

.‘m«t
-1

- 2DEG

Figure 19. Visualization of the meshing.
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Epitaxial growth of polarized Wurtzite crystal structures is assumed to be [0001] Ga-face
oriented (cf. figure 20). The 3D Cartesian coordinates used to define the polarization model
should be rotated in order to have a correct model for 2D simulations. The c-axis must be parallel
to y-axis. Thence, all the materials and regions in the structure have the same orientation.

TCAD Sentaurus uses a built-in polarization model that takes into consideration the spontaneous
and piezoelectric components [10], as well as the converse piezoelectric effect that reduces the
polarization [1]. The piezoelectric (strain-induced) polarization model used by TCAD Sentaurus
calculates the c-axis component of the polarization vector, denoted as PZ. The expression used

for P, can be found in equation (3.7).

ap—a

P,=2 (3.7)
a

(1 — relax) (e31 — €33 i) + Py,
The computation takes into consideration the material and mole-fraction at every mesh point.
“Relax” is a user-defined lattice relaxation parameter. It is set to 0.1 by default. P, is the
spontaneous polarization component, a, and a are the lattice constants of strained and relaxed
materials, respectively, e, are piezoelectric coefficients, and c;; are stiffness constants. All the
model parameters depending on mole fraction and linear-interpolation are applied between
values for GaN (x=0) and AIN (x=1) [14]. The default values of the parameters can be seen in

Table 2.

Ga(Al)-face

[0001]

Tensile lPSP leli AlGaN

strain
-—

————————— 2DEG
lpsp GaN

Substrate

Figure 20. Crystal structure and polarization vectors (spontaneous and piezoelectric
components) [16].
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Table 2. Parameters for polarization model used in the template [14]

Symbol Unit GaN AIN InN

P, Clem? —29x10"° | -8.1x10° | -3.2x10 "
e Clem? —3.50x10 " | —5.00x10" | —5.70<10"
€3 Clem? 127x10° | 1.79x10° | 9.70x10™
€13 GPa 106 108 92

a3 GPa 398 373 224

a, A 3.189 3.189 3.189

a A 3.189 3.112 3.540
relax |- 0.1 0.1 0.1

The converse piezoelectricity causes an increase in polarization by a factor e’33/c33. The latter is
taken into account by modifying the z-component (parallel to c-axis) of the anisotropic dielectric
tensor within the simulations held by TCAD Sentaurus. The anisotropic Poisson equation used
by TCAD Sentaurus is as in equation (3.8) below.

{2 (3.8)

Ve ; Vo| =-p+Ve|0

€33 P.
K. +— 4

C33

A large polarization divergence is present both at GaN cap-nitride interface and at
AlGaN/GaN interface. However, the one at GaN cap surface would cause the production of a
large sheet of negative polarization charge. The latter would cause the depletion of electrons
present in the channel. In order to prevent the latter from happening, the negative charges at the
GaN cap surface should be compensated by other surface charges. In our simulations, we assume
that the polarization charge at the surface is completely compensated by interface trap states. To
be precise, the compensation is due to deep, single-level trap states, with Nrgue=5 x10"° cm

and Ergur— Ei = 0.4 eV. This phenomenon can be observed in Figure 21.

23



Donor-like surface
Polarization charge traps (empty)

+

/ o+

+. = \
Surface +_

states -

Polarization +
charge

AlGaN/GaN HEMT

Figure 21. Representation of the polarization charges and the 2DEG [6].

We might think that polarization charge present at heterointerfaces below the GaN buffer
layer would cause a similar effect of depleting the channel as described above. Nevertheless,
polarization charges at these interfaces are usually compensated by charged defects and do not
intervene in the electrical operation of GaN HFET devices. Sentaurus Device still gives us the
possibility to take into account the polarization charge at GaN buffer-nucleation layer interface,
although the latter is set to be zero by default.

The band diagrams of the simulated GaN HFET device when polarization charge at GaN
buffer-nucleation layer interface was not-activated and activated can be seen in figures 22 and 23
respectively. The band diagrams are obtained among a vertical cutline drawn from the gate

terminal to the nucleation layer, when zero voltage is applied at the gate terminal.

Band Diagram Band Diagrar!
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Figure 22. Band diagram of the GaN HFET when polarization charge at GaN buffer-nucleation

layer interface is ignored.
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Figure 23. Band diagram of the GaN HFET when polarization charge at GaN buffer-nucleation
layer interface is activated.

The first observation we can make is that the band diagram obtained in figure 21 matches
with the expected theoretical band diagram, which can be seen in figure 24. The fact that the
conduction band energy drops below the Fermi level at the AlIGaN/GaN heterointerface shows us
the presence of the 2DEG 1n absence of an external voltage. Therefore, we have a “normally on”
device.

In figure 23, when the polarization charge at the GaN buffer-nucleation layer interface is
taken into account, we observe another 2DEG region at the GaN-nucleation interface. The latter
has a smaller height than the 2DEG formed at AlIGaN/GaN heterointerface (the E¢ drops below
the EF deeper at the AlIGaN/GaN interface). This result is expected. It is better to neglect the

polarization charge at GaN buffer-nucleation interface.
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Figure 24. Schematic band diagram of the simulated GaN HFET at the AlIGaN/GaN
heterointerface [6].
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The simulations also provide us Ips/Vps and Ips/Vgs characteristics of the GaN HFET
after a DC analysis of the latter. The gate terminal is ramped from -2 V to +4 V in order to obtain
the Ips/Vps characteristics. Ips/Vgs characteristics are extracted for Vps=28 V and 36 V while
Vs 1s increased up to 2 V. The results can be found in figures 25 and 26.

The Ips/Vps characteristics represented in figure 25 confirms that we have a “normally

on” device as Ipg is not zero when Vgs=0 V.

2f
— V=40V
—_—V, =20V
T —V,=00V
£ —V,=20v
< |
- 1
C +
g |
5 |
(@] }
£ |
g |
a of 7
0 20 40
Drain Voltage [V]
Figure 25. I,,i/V ;g characteristics of the simulated GaN HFET.
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Figure 26. I,,;/V ;4 characteristics of the simulated GaN HFET.
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3.2.3 Simulation of a GaN Power Transistor

source SiN Gate Drain

Pacivation

Surface Traps

Polarization :t ------- e
Al ,.Ga,,.N Barrier,~20 nm

Charges S i i ++'+W
1AIN spacer (~1 nm)

ZDEG —) = = = = = = = @ = = = = = = = = = = 1
~0.2 um Channel GaN, C <5 x10*¢m™

AIN nucleation layer

8” Silicon (111) Substrate

Figure 27. Model structure used in simulations: doping and dimensions are indicated.

In this section, the simulation of the breakdown voltage of a GaN-based power transistor,
designed by the research group of Prof. Can Bayram, is presented. The structure of this GaN
power transistor can be found in figure 27. For simplicity, only the cap, barrier, spacer and
channel have been used during the simulations. The current-voltage characteristics of a HEMT
depend mainly on the 2DEG, which is formed in the channel. The buffer, nucleation layer and
the substrate are not essential for simulations. The values of different parameters used for device
simulation can be found in Table 3. The GaN cap is undoped, as well as the AlGaN barrier. This

will reduce the impurity scattering that affects the mobility of the electrons confined in 2DEG.

The theory and models used by TCAD Sentaurus in order to simulate the polarization and the
formation of the 2DEG resulting from the natural piezoelectricity of III-nitride materials have
been discussed in pages 22-24 of this thesis. The polarization charges, surface traps and the

2DEG are represented in figure 27.
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Table 3. The Structural parameters of HEMT

PARAMETER VALUE
Top Passivation height 50 nm
u-GaN cap layer height 3 nm
AlGaN barrier height 20 nm
AIN spacer height I nm
GaN channel height 0.2 um
Gate length (L) 0.8 wm
Source length (L) 0.5 um
Drain length (Lg) 0.5 um
Source-Gate length (Lsg) 1 um
Gate-Drain length (Lgq) 3 um
x mole fraction (Al,Ga;_.N) 0.25
Channel doping concentration 4x10'° cm™

3.2.3.1 Device visualization
The simulation of the GaN HEMT model presented in figure 27 gave us the structure in
TCAD seen in figure 28. The band diagram, presented in figure 29, is obtained at zero bias
conditions. The 2DEG is present on the band diagram more or less at the top of the channel layer

as represented in figure 27.

o 4
Y| el

DopingConcentration (cm”-3)

- 4.0006+16

6.094e+15

9.283e+14

. 14140414

2153e+13

3. 206e+12
2 4
0.000e+00

Figure 28. Simulated Model structure: doping is indicated.
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Figure 29. Band diagram of GaN HEMT at equilibrium.

3.2.3.2 I,¢/'V g Characteristics

The simulations provide us I,¢/V 4 characteristics of the GaN HFET after a DC analysis
of the latter. The gate terminal is ramped from -2 V to +4 V in order to obtain the I5,o/V g
characteristics. Ips/Vps characteristics for different gate voltages can be found in figure 30. We
can observe that as the gate voltage increases, the asymptotic value of the drain current increases

as well. As the drain current is not zero at zero bias conditions, we can say that we have a

normally on device.
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Figure 30. I,,i/V 4 characteristics of the simulated GaN HEMT

3.2.3.3 Breakdown Voltage

The off-state breakdown voltage of the simulated GaN HEMT is found using TCAD. The
gate voltage is kept at -6 V in order to have a very small drain current and simulate the off-state
of the HEMT.

The cause of the breakdown is defined as avalanche generation (impact ionization). The
breakdown is due to charge multiplication which occurs when the width of a space charge region
1s greater than the mean free path between two ionizing impacts. The reciprocal of the mean free
path is called the ionization coefficient a [13]. The ionization coefficients are defined for
electrons and for holes. The generation rate is expressed using these ionization coefficients in
equation (3.9).

G'=a,nv,+a,pv, (3.9
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The breakdown simulations with TCAD use the van Overstracten—de Man model to

define threshold behavior of the ionization coefficient (see equations (3.10) and (3.11)).

b
(Fava) =Y @ exp(= 1)

(3.10)

(3.11)

The carriers are accelerated against the phonon gas. The latter has a dependence on

temperature, which is expressed by the factor y and the optical phonon energy /iw,,. The

coefficients a, b and /iw,, can be found in Table 4. The given values can be used over a field

ranging from 1.75x10° V/em to 6x10° V/em. a and b coefficients are defined for high and low

ranges of electric field. Low range is from 1.75x10°Vem™ to Ey, high range is from E, to 6x10°

V/em [13].
Table 4. Coefficients for van Overstracten—de Man model [13]
Symbol Parameter name | Electrons Holes Valid range of electric field | Unit
a a (low) 703x10° [ 1.582x10° |1.75x10°Vem™ 10 E,  |em™’
a(high) 703x10°  |671x10° | E, to 6x10° Vem™
b b (1ow) 1231x 10° [2.036x10° | 1.75%10°Vem™ 10 E, | V/em
b(high) 1.231x10° | 1.693x 10° | E, to 6x10° Vem™
E, EO 4x10° 4x10° V/em
h(x)op hbarOmega 0.063 0.063 eV
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The backward Euler method is used to control transient analysis. The break criterion is
defined as 10 A of drain current. The drain voltage is increased until the break criteria is
reached. The result of the simulation can be found in Figure 31. We can see that for small values
of drain voltage the increase in drain current is invisible; the current seems to be constant.
However, after more or less 100 V, even small variations of drain voltage induce a large increase
in drain current. This is due to the breakdown of the device. Therefore, we can conclude that the
breakdown voltage of the simulated model is close to 100 V.

The visualization of impact ionization when the device breaks down can be found in
figure 32, in which it can be seen that the breakdown location is situated at the corner of the gate

terminal.
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Figure 31. Off-state breakdown voltage simulation results.
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Figure 32. Electron impact ionization at breakdown.

The breakdown voltage has been found for the device seen in figure 27 when the channel
had a carbon doping of 4x10'® cm™. The following simulations are made in order to investigate
the impact of doping concentration on breakdown voltage.

The same device is simulated four times with different channel doping varying from
4x10' ¢cm™ to 1x10'® cm™. The results of Ips/Vps characteristics for these simulations are
overlaid in figure 33. Notice that as the channel doping decreases, the breakdown voltage
increases. The breakdown voltage is around 85 V when the channel doping concentration is
4x10" cm™ and it increases up to 280 V when the channel doping concentration is 1x10'® cm™.

The n-type channel obtained with donor-like carbon doping will cause current leakage
and decrease the breakdown voltage. From simulation results, we can see that the ideal case
would be to have an undoped GaN channel. However, in reality, GaN is generally n-type as

grown due to presence of impurities and vacancies. GaN-on-Si presents impurities such as

silicon, oxygen and nitrogen vacancies [5]. Presence of Nitrogen vacancies in GaN can be
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considered as the main cause of n-type grown GaN [19]. In order to compensate donor-like
vacancies in GaN, the channel is p-type doped with acceptor-like carbon (carbon substituting for
N: Cy). The low carbon doping (C<5x10'® cm™) will form deep acceptor-like traps (C is 0.9 eV

above valence band) [19]. The nitrogen vacancies in GaN channel can be simulated in TCAD as

donor-like traps with an energy level of 2.6 eV above valence band.
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Figure 33. Ips/Vps characteristics for different channel doping concentrations
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Another parameter that affects the breakdown voltage can be the channel length. The
breakdown voltage is simulated twice for the model presented in figure 27 with a GaN channel
of 0.4 um and 0.2 um, both having a channel doping concentration of 4x10'® cm™. The nitrogen

vacancies discussed previously are ignored in these simulations and the GaN channel is n-type

carbon doped. The breakdown voltage simulation results for these two models are overlaid in

figure 34. As it can be seen in figure 34, HEMT structure with a thicker channel length (0.4 um)
has a slightly smaller breakdown voltage.
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Figure 34. Ips/Vps characteristics for different channel lengths.
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Several papers show that having a thicker channel would improve the breakdown voltage,
which is in contradiction with the simulation results above. A thick channel is suggested to
reduce deep traps in the channel and reduce the electron capture probability by deep traps in the
GaN buffer [20]. Therefore, buffer-related current collapse is suppressed in the thick GaN
channel [20]. In my simulations, the deep traps within the channel were not simulated and the

buffer was not included in the simulations. This might be the cause of wrong simulation results.
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4 Conclusion

GaN based HEMTs are the next revolution in power electronics where high voltage, high
current applications are necessary. Improving the breakdown voltage and reducing the defects in
GaN HEMTs would result in more reliable GaN power amplifiers, operating at high bias
conditions.

The effects of GaN channel layer doping concentration and thickness on breakdown voltage
were investigated using a model structure in which only AlGaN barrier and GaN channel were
present (cf. figure 27). The GaN HEMT was simulated using TCAD Sentaurus software. The
simulation results suggested that lower doping of n-type GaN channel results in higher
breakdown voltage. However, it is experimentally impossible to have an undoped GaN channel
due to donor-like impurities. Therefore, further simulations should be done considering the
donor-like traps and p-type carbon doping of GaN channel.

The comparison of breakdown voltage simulations for a thin and thick GaN channel layer
suggested that having a thinner channel would increase the breakdown voltage. However, the
latter is in contradiction with other research papers, which suggested that a thicker channel
would reduce current-collapse and improve the breakdown voltage [20]. In order to have a more
reliable simulation of GaN HEMT, the GaN buffer should be added under the GaN channel and

the impurities within GaN should be considered.

37



References

[1] A. Ashok et al., “Importance of the gate-dependent polarization charge on the operation of
GaN HFETs,” IEEE Transactions on Electron Devices, vol. 56, no. 5, pp. 998-1006, 2009.

[2] A. Lidow. (2013, June). How to GaN: Intro to gallium nitride (GaN) transistor technology.
EEWeb Electrical Engineering Community. [Online]. Available at:
http://www.eeweb.com/blog/alex lidow/how-to-gan-intro-to-gallium-nitride-gan-transistor-
technology.

[3] D. Cheney, E. Douglas, L. Liu, C.-F. Lo, B. Gila, F. Ren, and S. Pearton, “Degradation
mechanisms for GaN and GaAs high speed transistors,” Materials, vol. 5, no. 12, pp. 2498—
2520, November 2012.

[4] EPC — Efficient Power Conversion Corporation. [Online]. Available at: www.epc-co.com.
[Accessed September 2015]

[5] E. Cho, “Gallium nitride based heterostructure growth and application to electronic devices
and gas sensors,” Ph.D. dissertation, University of Michigan, pp.74-76, 2009.

[6] G. Simin, “High Electron Mobility Transistors (HEMTs),” Powerpoint Presentation,
University of South Carolina. [Online]. Available at:
http://www.ee.sc.edu/personal/faculty/simin/ELCT871/18%20AIGAN-GaN%20HEMTs.pdf.
[Accessed November 2015].

[7] “How do transistors work?”” Explain That Stuff. [Online]. Available at:
http://www.explainthatstuff.com/howtransistorswork.html. [Accessed October 2015].

[8] M. Grundmann, The physics of semiconductors: An introduction including nanophysics and

applications, 2nd ed. Berlin: Springer-Verlag, 2010.

38



[9] N. Killat, M. M. Bajo, T. Paskova, et al., “Reliability of AIGaN/GaN high electron mobility
transistors on low dislocation density bulk GaN substrate: Implications of surface step edges,”
Applied Physics Letters, vol. 103, 193507, 2013.

[10]  O. Ambacher et al., “Two-dimensional electron gases induced by spontaneous and
piezoelectric polarization charges in N- and Ga-face AIGaN/GaN heterostructures,” Journal
of Applied Physics, vol. 85, no. 6, pp. 32223233, 1999.

[11] O.Khaykin, T. McDonald and T. Phillips, “International Rectifier,” GaNpowIR™
presentation, 23 February 2010.

[12]  Prof. D. B. Haviland (2002, Dec.). The Transistor in a Century of Electronics. Nobel
Prize. [Online] Available at:
http://www.nobelprize.org/educational/physics/transistor/history/

[13]  Sentaurus Device User Guide, pp.302-303, December 2007.

[14] “Sentaurus Technology Template: Simulation of DC Characteristics of a GaN-based
HFET,” Synopsys Sentaurus Documentation.

[15] S. Singhal, J. C. Roberts, P. Rajagopal, T. Li, A. W. Hanson, R. Therrien, J. W. Johnson,
I. C. Kizilyalli, K. J. Linthicum, “GaN-on-Si failure mechanisms and reliability
improvements,” in Reliability Physics Symposium, 2006.

[16] T.R.Lenka, A. K. Panda, “Characteristics study of 2DEG transport properties of
AlGaN/GaN and AlGaAs/GaAs-based HEMT,” Semiconductors, vol. 45, no. 5, pp. 650—656,
2011.

[17] T. Ayalew, “SiC semiconductor devices technology, modeling, and simulation,” Ph.D.

Dissertation, Vienna University of Technology, Vienna, Austria, January 2004.

39



[18] U. K. Mishra, P. Parikh and Y.-F. Wu, “AlGaN/GaN HEMTs - An overview of device
operation and applications,” Proceedings of the IEEE, vol.90, no.6, June 2002.

[19] V. Moroz, H. Y. Wong, M. Choi, N. Braga, R. V. Mickevicius, Y. Zhang, and T.
Palacios, “The impact of defects on GaN device behavior: Modeling dislocations, traps, and
pits,” ECS Journal of Solid State Science and Technology, Vol.5, Issue 8, 2016.

[20] X.-H. Ma, Y.-M. Zhang, X.-H. Wang, T.-T. Yuan, L. Pang, W.-W. Chen, X.-Y. Liu,
“Breakdown mechanisms in AlGaN/GaN high electron mobility transistors with different

GaN channel thickness values,” Chinese Physics B, Vol. 24, No. 2, 2015.

40



